The glass-transition temperatures of 34 liquids have been measured by differential thermal analysis, and the results compared with the values predicted from viscosity measurements by the equation In'7=
I. INTRODUCTION
M ANY liquids, upon sufficient supercooling below their freezing points, exhibit a glass-transition temperature Ttl at which certain properties of the liquid such as the coefficient of thermal expansion and the heat capacity change from their liquid-state values to values similar to those of a crystalline solid. l It is now established 2 that the glass-transition temperature as conventionally measured is purely a relaxation phenomenon arising from the finite duration of an experiment. In an experiment of infinite duration, a lower limiting value of glass-transition temperature would be observed. This temperature To is a secondorder-transition temperature, and is the fundamental reference temperature for all molecular transport and relaxation processes in the liquid.
Values of To may be calculated from studies of the temperature dependence of the viscosity of liquids in the non-Arrhenius region using the equation
In1J= A"+B"/(T-To).
(1)
Here 1J is the viscosity of the liquid in poise at temperature T, and A" and B" are constants. The glasstransition temperature can be calculated from this equation as that temperature at which the viscosity of the liquid is lOIS P.s 1 W. Kauzmann, Chero. Rev. 48, 219 (1948) . (London) A292,322 (1966) .
3 G. Tammann and W. Hesse, Z. Anorg. Allgem. Chern. 156, 245 (1926) .
In certain liquids the To equation (1) gives an excellent description of the viscosity over the whole nonArrhenius temperature range, including the supercooled region, for which experimental data are available. In other liquids, however, it is necessary to apply the equation in two separate temperature regions with two different sets of values of the constants A", B", and To.2 It is probable that the changes from Arrhenius to non-Arrhenius behavior and from one type of nonArrhenius behavior to another are caused by the restriction of the rotation of the molecules in the liquid. 4 In the Arrhenius region, molecules are free to rotate many times about at least two axes during the time between translational jumps. In the highertemperature non-Arrhenius region, molecules are able to rotate about only one axis during this time, while in the lower-temperature non-Arrhenius region rotation occurs primarily as a result of molecular translational motion.
The object of this paper is to compare the values of the glass-transition temperature predicted by Eq. (1) with those measured experimentally.
II. EXPERIMENTAL
The glass-transition temperatures of the liquids discussed here have been measured by differential thermal analysis (DTA) using a du Pont 900 differential thermal analyzer. One-tenth-milliliter samples of the 
where n is the number of observations. b T. Lyon and T. A. Litovitz, J. Appl. Phys. 27,179 (1956) .
o Reference 3.
liquid were cooled to a glass at 77°K, and then heated at a rate of about 2°/min. Most of the liquids showed no tendency to crystallize during the few minutes required for this cooling, although some required to be cooled directly in liquid nitrogen to prevent crystallization. Powdered glass was used as a reference material for the DTA because of the large temperature range involved. The glass-transition temperature was taken at the intersection of straight lines drawn through the initial base line and the subsequent sloping portion of the curve. 5 The values of To quoted are the mean of at least three observations, and are estimated to be accurate to ±2°. To was found to be independent of heating rates between 1°-10° Imin. There was no indication of subsidiary To's at lower temperatures as have been found in polymers 6 and postulated in simple liquids. 7 i E. V. Thompson, J. Polymer Sci. Pt. A 4,199 (1966 Viscosities were measured in capillary viscometers to an accuracy of ±O.5% at temperatures maintained constant to ±O.05° as described previously.2 The constants in Eq. (1) were determined by a least-meansquares procedure using a digital computer.
The aromatic hydrocarbons and esters were the same samples as were used in the previous viscosity studies. The other hydrocarbons and the alkyl halides were dried with anhydrous potassium carbonate and fractionally distilled, while the alcohols were dried with anhydrous calcium sulfate. Table I contains the constants in Eq.
(1) obtained from the measured viscosities with the root-meansquare error in the fit. Both Eq. (1) and a plot of log'l1 against (1000/T)4 were used to search for a change in viscosity behavior in the non-Arrhenius region. 2 This has been found in the liquids in Table II It is likely that this changeover from one non-Arrhenius region to another occurs when molecular rotation becomes restricted on the time scale of the translational relaxation time. 4 This implies that only one form of a liquid can exist at a given temperature, and so the observed values of To should correspond to those predicted by the "low"-temperature form of the To equation and not the "high"-temperature form. Agreement between measured and predicted "low" To values is good for nine of the liquids in Table III . There is less satisfactory agreement for n-propyl benzene, di-i-butyl phthalate, and s-butyl cyclohexane, possibly Apart from ethanol, each of the substances showing this discrepancy slowly crystallized at temperatures some 10° or 20° below the normal freezing point when the viscosity was typically about IP. It is significant that several substances of similar molecular structures (such as s-butyl cyclohexane and cis-hept-2-ene) which could be supercooled to higher viscosities without crystallization exhibited a change in viscosity behavior at temperatures at or below the melting point. In each case the To and To of the lower temperature form of the substance is lower than that of the higher-temperature form of the substance: for some liquids the difference between the two To's is small (e.g., 2° in n-butyl benzene) while in other liquids the difference is large (e.g., 16° in n-pentyl benzene).
This suggests that if the viscosities of these substances could be measured at lower temperatures without crystallization occurring, then a change in nonArrhenius viscosity behavior would be observed. The measured To, obtained after rapid cooling of the liquid, corresponds to the lower-temperature form of the liquid, and this To is lower than that predicted from studies of the viscosity of the high-temperature form.
There remain, however, the seven liquids in Sec. B of Table III which have only one observable nonArrhenius region and for which there is good agreement between the observed and predicted To values. There are two possibilities which could account for this agreement. One is that these substances have only one nonArrhenius region in the liquid range, so that at To the molecules are still able to rotate about one molecular axis. The other possibility is that such substances do indeed have two non-Arrhenius regions, but that the To values of the two forms of the liquid are within a few degrees of each other and co are indistinguishable experimentally. It is difficult to distinguish between these possibilities. It is well known 13 that even at the melting point of solids such as toluene or ethanol no molecular rotation occurs in the crystalline solid. The volume available to a molecule in the equilibrium glassy liquid at To is slightly greater than in the solid at the same temperature. If this volume difference is sufficient to permit molecular rotation about one axis at To, then only one non-Arrhenius region would be expected, and observed To values would agree with those predicted. On the other hand, if there is still insufficient volume for molecular rotation at To, then a change in nonArrhenius viscosity behavior must have occurred at 13 J. Tirnrnermans, J. Phys. Chern. Solids 18, 1 (1961 (1) when it is applied only in the appropriate nonArrhenius temperature range. Attempts to apply this equation throughout the liquid range including the Arrhenius region do not give a good description of the experimental data, and the resultant To values are substantially lower than those observed and are dependent on the particular temperature region chosen. This explains the irregularities found by Lewis li in the To values of the n-alkanes. When only the nonArrhenius region is considered, the resultant B" and To values of the n-alkanes increase smoothly with increasing molecular weight, while the constant A" is essentially independent of molecular weight.
IV. CONCLUSIONS
We conclude that the glass-transition temperature in liquids occurs when the viscosity of the liquid reaches 10 13 P. To may be predicted from studies of the temperature dependence of the viscosity by means of Eq.
(1) provided that precise viscosity data are available over a reasonably wide range of temperature or viscosity for the lower-temperature non-Arrhenius region of the liquid. If viscosity data are available only in the highertemperature non-Arrhenius region, observed values of To are usually lower than those predicted by Eq. (1) on account of a change in non-Arrhenius viscosity behavior at lower temperatures where viscosity cannot be measured because of crystallization of the liquid. 
